Russet spotting (RS), consisting of numerous small brown spots on the midrib of head lettuce (Lactuca sativa), is a physiological disorder induced by exposure to ethylene. In leaves suffering RS, the increase in spotting was accompanied by a parallel increase in the amount of phenolic compounds. Of these, chlorogenic acid and isochlorogenic acid were identified. Ethylene induced high phenylalanine ammonia-lyase (PAL) activity and RS formation in the susceptible cultivar Salinas, but not in the resistant cultivar Calmar. In the absence of ethylene neither significant PAL induction nor RS occurred. No correlation was found between the increase in polyphenol oxidase or peroxidase and the development of RS. The increase in PAL activity, however, was closely correlated with the development of RS. The increase in PAL activity preceded the development of RS, and the extent of RS was directly related to the level of PAL. Three temperatures (0.5, 5.5, and 12.5 C) were compared on the basis of their influence on both RS and PAL induction. At the lowest temperature (0.5 C) neither PAL induction nor RS occurred to a significant extent. At the highest temperature (12.5 C) an initial rapid increase in PAL activity and an earlier development of spotting were observed, but subsequently there was a decrease in both PAL activity and the rate of development of RS. At the medium temperature (5.5 C) both PAL activity and RS increased progressively with time. The decline of PAL activity at a higher temperature might be attributed to inactivation of the enzyme. Thus, a temperature favorable for induction of PAL activity by ethylene was also favorable for RS. These observations indicate a close interrelationship between the induction of PAL activity and the development of RS in response to ethylene, and suggest a causal relationship between the two events. PAL serves as a useful biochemical marker for the RS reaction.
Russet spotting is one of the most common commercially important disorders of postharvest lettuce (Lactuca sativa). It is observed as numerous small brown spots along both sides of the midrib, and may spread over the leaf blade during senescence (16, 18) . It is caused by exposure of the lettuce to ethylene (25) . According to Morris et al. (19) , the factors affecting RS4 are:
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Lipton (17) and Ilker et al. (10) examined russet spots microscopically, and noted that discoloration spread to several subepidermal mesophyll cells as well as to the vascular tissue, and that the collapse of mesophyll cells resulted in pit-like depressions. Although RS has been the subject of detailed examination in respect to the symptomology and the various factors which influence the development (16) (17) (18) (19) 25) , no 10 liter/hr was applied to the leaves. Ethylene concentration was monitored by gas chromatography. Leaves were kept at 5.5 C except for those otherwise specified. The small russet-brown spots appeared mostly on the midrib of ethylene-treated leaves, but were also found on the blade. To describe the extent of injury, a rating scale of I to 9 was used. A score of I on this scale indicates no injury, and a score of 9 extreme injury.
After an appropriate period of incubation in either air or air plus ethylene, discs (9-mm diameter) were excised from the midribs of the leaves with a cork borer. For determination of phenolic content, the discs were blended in a Sorvall Omni-Mixer and extracted in 80o ethanol. The filtrate was assayed for phenolic content with a Folin-Ciocalteu phenol reagent (6) using p-coumaric acid as a standard. For Extraction and centrifugation were carried out in the cold (below 4 C). PAL activity of the supernatant was assayed by measuring the increase in absorption at 290 nm as described elsewhere (8); 1 unit is defined as the amount of PAL which produces ,umol of cinnamic acid in hr under the specified conditions (8) . The supernatant was also used for CAH and OMT assay by the procedure previously reported (7, 13 Figure 6 . In the midcourse (day 4) of incubation at 5.5 C, half of RS is 5 to 7 C (19, 25) . To search for the biochemical explanation of this temperature effect, leaves of cv. Salinas were kept at three different temperatures (0.5, 5.5, or 12.5 C) and the development of RS in relation to PAL activity was examined. At 5.5 C, PAL activity increased almost linearly, foliowed by the development of RS symptoms (Fig. 5a) . At 12.5 C (Fig. Sb) , PAL activity increased earlier than at 5.5 C, but subsequently leveled off and finally fell to a low level. Concomitant with the sharp reduction of PAL the leaves were transferred to 12.5 C. The rate of increase in PAL activity was first accelerated at the higher temperature but subsequently declined. Over the same period at 5.5 C, PAL activity was still increasing. At 0.5 C, PAL activity remained low throughout the incubation period and little RS occurred. DISCUSSION We have shown that when RS developed in response to ethylene treatment, phenolic compounds, particularly CHA and ICHA, increased significantly in the midribs of the affected leaves. The presence of CHA and ICHA in lettuce leaves has been reported (26) . PPO and/or peroxidase may well participate in the development of RS by oxidizing the accumulated phenolics into quinones which subsequently form dark-colored polymers contributing to the pigmentation of RS. However, neither of them could have functioned as a rate-limiting enzyme in the development of RS because no correlation between RS formation and increase in activity of either PPO or peroxidase was observed. If metabolism of phenolics is involved in the development of RS, it is most likely that the supply of phenolics rather than the oxidation of phenolics is the rate-limiting factor.
Since the discovery of PAL by Koukol and Conn (12), many studies on physiological and biochemical aspects of this enzyme have been reported. The activity of PAL is often correlated with changes in the rate of accumulation of phenylpropanoids. This correlation suggests a possible causal relationship between the two biochemical events, and that PAL is the limiting factor in the biosynthetic pathways of such phenylpropanoids (2, 30) . The induction of PAL is influenced by a variety of stimuli including light, plant hormones, wounding, and disease (2), and is often characterized by the concomitant development of a PAL inactivation system (2, 29) . Ethylene has been known to induce PAL synthesis in a variety of plant tissues (3, 8, 11, 21, 23) , although the response is not a general one. Many plant tissues do not develop PAL in response to ethylene, and in some plant tissues it was found that ethylene suppressed PAL development (5, 9, 27) . In the present study, it was observed that different cultivars of lettuce showed very different responsiveness to ethylene in relation to the development of PAL, and this difference was closely correlated with their varietal susceptibility to RS formation. Although the genetic difference between cvs. Salinas and Calmar is not clear, the two varieties provide valuable materials for investigation of the physiology of RS.
Pronounced increases in PAL activity occurred following ethylene treatment, and these increases coincided with increases in RS. The increase in PAL activity preceded the formation of RS, suggesting that PAL may be involved in this process and is one of the rate-limiting factors for RS.
There is considerable variation in the extent of RS In this system we have demonstrated that CAH and OMT, as well as PAL, increased as a result of ethylene treatment. The concomitant increase of CAH and PAL in response to ethylene (7, 8) and other stimuli (1, 15) has been reported. Since the development of PAL is repressed by cinnamic acid and subsequent phenolic products (14, 30) , the concomitant increases in the level ofenzymes subsequent to PAL in the pathway ofphenylpropanoid metabolism may play an important role in modulating the synthesis of PAL.
Anatomical study revealed that lignification occurred in RSaffected cells (R. Ilker, unpublished observation). Since the biosynthetic pathways of phenolics and lignins are interrelated, it is possible that lignification takes place in cells where phenolics accumulate.
It has been reported (19, 25) , and the present study has confirmed that the optimal temperature for RS development in response to ethylene is near 5 C, and that at near 0 C RS does not occur. While PAL activity increased more rapidly at a higher temperature (12.5 C), it also decayed more rapidly. At 5.5 C, in contrast, no apparent decay of PAL was observed during the course of incubation. The decay of PAL at higher temperature (12.5 C) provides a reasonable explanation of why PAL activity, and consequently RS symptoms, were greater at 5.5 C than at 12.5 C. Since the development of a PAL inactivation system is known to occur following the PAL induction process in many plant tissues (4, 29) , it is probable that decay in the present system may result from a similar relationship. Inhibition of the decay of induced PAL by lower temperature treatment has been noted in gherkin seedling tissues (4) and in tomato tissues (22) . At 0.5 C little increase in PAL and no RS symptoms were observed. This may reflect failure of the tissue to respond to ethylene at low temperature.
Thus, an increase in PAL preceded and was parallel to RS formation; the extent of RS was directly related to the level of PAL; the RS-resistant variety had little capability to develop PAL in response to ethylene; and a temperature favorable for RS formation was also favorable for PAL development. These observations suggest that induction of PAL is closely interrelated with development of RS in response to ethylene, and PAL may serve as a useful biochemical marker for the RS reaction.
